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- This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radiocactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2 1Integral of nuclear plus interference components
of the elastic scattering cross section

MT= 5 Sum of binary (p,n') and (p,X) reactions

MF=6 MT= 2 Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

MT= 5 Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97). We use the GNASH code system
(Yo%92), which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclel are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematics
(Kagsg) .

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96). The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Kag85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93]. Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron [Gi65] and pairing
and shell parameters from the Cook (Co67) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (KoS0).

DETAILS OF THE p + 60Ni ANALYSIS

The neutron optical model potential was adjusted to reproduce the
total cross section data((Dué7, Bo71, St71, Sm79, Fe80, Pe82,
HaB82, Di97), s-wave strength function (Mu8l) and elastic
scattering angular distritution data (Bo71, Gu85, Tu73, Ya79).

The data for natural Ni (Di97) was also used because there was not
enough data for Ni-60 above 20 MeV. The data for natural Ni were
transformed to the Ni-60 cross section according to A*(2/3) law.

The parameter estimation was carried out based on Marquart-
Bayesian approach (Sm91), where ECIS95 code was used for the
optical model calculation. We have employed the energy dependence

of the optical potential similar to Delaroche's work(De89). The
initial potential parameters were adopted from Koning and
Delaroche (Ko97). Total of 7 parameters concerning the central

potential depth were estimated with associated covariance matrix,
while the geometircal parameters were fixed to the result of a
similar search for n + Ni-58. Presently obtained potential was

- used for the calculation of neutron transmission coefficients and
DWBA cross sections in the energy region above 20 MeV. Below 20
MeV, the Harper neutron potential (Ha82) was used for the
calculation of transmission coefficients.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach.similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca%96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-60.according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good
description of the proton total reaction cross section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data for Ni-58,
we have employed the following combination of proton potentials:

0 to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (Ko97)
48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli [Lo74] global potential was used;
for alpha particles the McFadden-Satchler [Mcé66] potential was
used; and for tritons the Beccheti-Greenlees [Be71] potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following level
in Ni-60 was considered by the DWBA-mode calculation of ECIS95:

Jpi Ex(MeV) Deformation length
2+ 1.331 0.8535

The deformation length was determined to match the ENDF/B-VI value
at 20 MeV for the incident neutron channel.



Certain nuclear level densities were modified from their default
values due to experimental information available, as documented in
the ENDF-filel of cur n+60Ni evaluation.

hhhkkhhhkhkhhhhhhhkhkhhhhdhhhhhhdhhhdhkhkdhhhhrdhhrdhkhhrdhrhdhohdbhrhdrhhhkhrk

REFERENCES

[Be71]. F.D. Becchetti, Jr., and G.W. Greenlees in
"Polarization. Phenomena in Nuclear Reactions," (Ed: H.H.
Barschall and W. Haeberli, The University of Wisconsin Press,
1971) p.682.

[Bo71] . P. Boschung et al, Nucl. Phys. Al61l, 593 (1971)

[Ca96]. R. F. Carlson, Atomic Data and Nuclear Data Tables, 63,
93(1996) .

[Cho3]. M. B. Chadwick and P. G. Young, "Feshbach-Kerman-Koonin
Analysis of 93Nb Reactions: P --> Q Transitions and Reduced
Importance of Multistep Compound Emission," Phys. Rev. C 47,
2255 (1993).

[Cho6]. M. B. Chadwick, P. G. Young, R. E. MacFarlane, and A.
J. Koning, "High-Energy Nuclear Data Libraries for Accelerator-
Driven Technologies: Calculational Method for Heavy Recoils,"
Proc. of 2nd Int. Conf. on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[Che7]. M. B. Chadwick and P. G. Young, "Model Calculations of
n,p + 58,60,61,62,64N1i" in APT PROGRESS REPORT: 1 August - 1

September 1997, internal Los Alamos National Laboratory memo T-
2-97/MS-51, 8 September 1997 from R.E. MacFarlane to L. Waters.

[Co67]. J. L. Cook, H. Ferguson, and A. R. Musgrove, "Nuclear
Level Densities in Intermediate and Heavy Nuclei," Aust.J.Phys.
20, 477 (1967). :

[De89]. J.P. Delaroche, Y. Wang and J. Rapaport, Phys. Rev. C39,
391(1989).

[Di97]. F. Dietrich et al., private communication (1997).
[Du67] . Ju.V. Dukarevich et al., Nucl. Phys. A92, 433(1967)
[Fe80]. M.B. Fedorov et al., 80Kiev, 1, 309(1980)

[Gie5]. A. Gilbert and A. G. W. Cameron, "A Composite Nuclear-

Level Density Formula with Shell Corrections," Can. J. Phys. 43,
l446 (1965).

o
/

. Tocml Dlimre. AADA Ao
-{Guss]. P.P. Cuss et al, Nucl. Phys. A438, 18 1

{1985} .
[Ha82a] . J.A. Harvey et al, 82Anterp, 856(1982)
[Ha82b] . R.C. Harper and W.L. Alford, J. Phys. G. 8, 153(1982).

[Ka77] . C. Kalbach, "The Griffin Model, Complex Particles and
Direct Nuclear Reactions," Z.Phys.A 283, 401 (1977).




{Kas8s}. C. Kalbach, "PRECO-D2: Program for Calculating
Preequilibrium and Direct Reaction Double Differential Cross
Sections, " Los Alamos National Laboratory report LA-10248-MS

(1985).

[Kag88]. C. Kalbach, "Systematics of Continuum Angular
Distributions: Extensions to Higher Energies," Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, "Phenomenology
of Continuum Angular Distributions. I. Systematics and
Parameterization," Phys.Rev.C 23, 112 (1981).

[Ko90]. J. Kopecky and M. Uhl, "Test of Gamma-Ray Strength
Functions in Nuclear Reaction Model Calculations, " Phys.Rev.C
42, 1941 (1990).

[Ko97] . A. Koning and J.P. Delaroche, private communication.
[Lo74] . J.M.Lohr and W.Haeberli, Nucl.Phys. A232,381(1974)

[Mc66]. L. McFadden and G. R. Satchler, Nucl. Phys. 84, 177
(1966) .

[Mug8l]. S.F. Mughabghab, M. Divadeenam and N.E. Holden, "Neutron
Cross Sections", Vol. 1, Part A, Academic Press (1981).

[Pe82]. C.M. Perey et al, ORNL-5893 (1982)
[Ra87]. S. Raman et al, At. Data Nucl. Data Tables, 36, 1(1987).

[Ra96]. J. Raynal, "Notes on ECIS94", Service de Physique

Theorique, Saclay, France (personal communication through A. J.
Koning, 1996).

[Sm79]. A.B. Smith et al., NSE, 72, 293 (1979)

[Sm91]. D.L. Smith, "Probability, Statistics, and Data Uncertainty
in Nuclear Science and Technology", American Nuclear Society
(1991).

[st71]. P. Stoler et al,, 71Knox, 1, 311 (1971)

[We96]. H.P. Wellisch and D. Axen, Phys. Rev. CE4, 1329(1996).
[Tu73]. A.I. Tutubalin et al., EXFOR40417005 (73Kiev).

[Ya79]. Y. Yamanouti et al, EXFOR 10953002 (79Knox).

[Yo92]. P. G. Young, E. D. Arthur, and M. B. Chadwick,

"Comprehensive Nuclear Model Calculations: Introduction to the
Theory and Use of the GNASH Code," LA-12343-MS (1992).



pni60.lal50.xsinfo

28060
1001

non

Nonelastic,

Energy

TARGET
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(if A=0 then elemental)

and Production cross sections for A<S5 ejectiles in barns:

elastic

neutron

proton

deuteron

triton

helium3

alpha

gammma

2.000E+00
3.000E+00
4.000E+00
5.000E+00
6.000E+00
7.000E+00
8.000E+00
9.000E+00
1.000E+01
1.100E+01
1.200E+01
1.300E+01
1.400E+01
1.500E+01
1.600E+01
1.700E+01
1.800E+01
1.900E+01
2.000E+01
2.200E+01
2.400E+01
2.600E+01
2.800E+01
3.000E+01
3.500E+01
4.000E+01
4.500E+01
5.000K+01
5.500E+01
6.000E+01
6.500E+01
7.000E+01
7.500E+01
8.000E+01
8.500E+01
9.000E+01
9.500E+01
1.000E+02
1.100E+02
1.200E+02
1.300E+02
1.400E+02
1.500E+02

28060 = TARGET

2.707E-04
1.342E-03
2.374E-02
1.450E-01
3.613E-01
5.181E~-01
6.064E-01
6.827E-01
7.703E-01
8.491E-01
9.117E-01
$.597E~-01
9.981E-01
1.032E+00
1.060E+00
1.081E+00
1.096E+00
1.107E+00
1.115E+00
1.126E+00
1.132E+00
1.133E+00
1.129E+00
1.120E+00
1.087E+00
1.051E+00
1.018E+00
9.494E-01
9.063E-01
8.7378-01
8.481lE-01
8.297E-01
8.173E-01
8.094E-01
8.046E-01
8.020E-01
8.005E-01
7.996E-01
7.978E-01
7.851E-01
7.910E-01
7.856E-01
7.792E-01

1000Z+A

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.0008+00
0.000E+00
0.000E+00
0.000B+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:

Energy

neutron

proton

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
1.2188-01
1.461E-01
1.684E-01
1.79%E-01
1.819E-01
1.794E-01
1.747E-01
1.934E-01
2.544E-01
3.612E-01
4.832E-01
5.808E-01
6.463E-01
7.357E-01
7.830E-01
8.382E-01
8.850E-01
9.208E-01
9.782E-01
1.017E+00
1.072E+00
1.079E+00
1.091E+00
1.112E+00
1.154E+00
1.200E+00
1.264E+00
1.333E+00
1.395E+00
1.458E+00
1.520E+00
1.574E+00
1.680E+00
1.785E+00
1.864E+00
1.912E+00
1.938E+00

deuteron

4.956E-09
5.345E-04
2.274E-02
1.440E-01
3.598E-01
5.148E-01
4.782E-01
5.228E-01
5.791E-01
6.374E-01
6.920E-01
7.390E-01
7.936E-01
8.526E~-01
9.122E-01
9.67%E-01
1.010E+00
1.039E+00
1.0598+00
1.078E+00
1.082E+00
1.0978+00
1.135E+00
1.185E+00
1.293E+00
1.341E+00
1.384E+00
1.389E+00
1.415E+00
1.439E+00
1.475E+00
1.522E+00
1.574E+00
1.634E+00
1.681E+00
1.734E+00
1.790E+00
1.840E+00
1.925E+00
2.003E+00
2.065E+00
2.1118+00
2.137B+00

triton

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
1.911E-07
3.256E~05
4.065E-04
1.670E-03
4.106E-03
7.809E-03
1.25%E-02
1.795E-02
2.289%E-02
2.762E-02
3.641E-02
4.526E~-02
5.315E-02
6.022E-02
6.645E-02
7.636E-02
8.263E-02
8.611E-02
8.398E-02
8.382E-02
8.431E-02
8.452E-02
8.416E-02
8.499E-02
8.622E-02
8.748E-02
8.868E-02
8.957E-02
9.077E-02
$.301E-02
9.494E-02
9.528E-02
9.676E-02
9.791E-02

(1f A=0 then elemental)

helium3

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
4.445B-14
6.401E-08
3.730E-06
2.4158-05
6.548E-05
1.487E-04
2.960E-04
5.063E~-04
1.018E~-03
1.520E-03
1.998E-03
2.447E-03
2.871E-03
3.724E-03
4.4228-03
4.931E-03
5.302E-03
5.587E-03
5.828E-03
6.091E~03
6.362E~-03
6.651E~03
7.062E-03
7.426E-03
7.832E-03
8.387E~03
8.871E-03
9.963E-03
1.132E-02
1.263E~-02
1.399E-02
1.539E-02

alpha

0.0008+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

gamma

2.000E+00
3.000E+00
4.000E+00
5.000E+00
6.000E+00
7.000E+00
8.000E+00
9.000E+00
1.000E+01
1.100®+01
1.200E+01
1.300E+01
1.400E+01
1.500E+01
1.600E+01
1.700E+01
1.800E+01
1.900E+01
2.000E+01
2.2008+01
2.400E+01
2.600E401
2.800E+01

0.000E+00
0.0008B+00
0.0008+00
0.000E+00
0.000E+00
0.000E+00
6.296E~01
1.375E+00
1.734E+00
2.061E+00
2.365E+00
2.637E+00
2.803E+00
2.787E+00
2.4288+00
2.087E+00
1.974B+00
2.0328+00
2.235E+00
2.5192+00
2.900R+00
3.246E+00
3.5558+00

5.473E~04
1.476E+00
2.428E+00
3.261EB+00
3.898E+00
4.467E+00
4.945E+00
5.247E+00
5.445E+00
5.632E+00
5.809E+00
5.992E+00
6.125E+00
6.144E+00
6.232E+00
6.331E+00
6.452E+00
6.635E+00
6.851E+00
7.333E+00
7.867E+00
8.339E400

8.717E+00

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
1.566E+00
2.418E+00
3.202E+00
3.9418+00
4.555E+00
5.1335+00
5.719E+00
6.316E+00
6.836E+00
7.466E+00
8.543E+00
9.711E+00
1.084E+01
1.199E+01

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000X+00
0.000E+00
0.000E+00
1.067E-02
1.704E+00
2.617E+00
3.472E+00
3.991E+00
4.381E+00
4.746E+00
5.250E+00
6.208E+00
7.151E400
8.153E+00
9.122E+00

0.C00E+00
0.00CE+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

0.000E+00
2.485E+00
3.412E+00
4.338E+00
5.255E+00
5.994E+00
6.757E+00
7.418E+00
7.936E+00
8.385E+00
8.765E+00
9.075E+00
9.3Z29E+00
9.526E+00
9.694E+00
9.844E+00
1.000E+01
1.014B+01
1.027E+01
1.057E+01
1.087E+01
1.116E+01
1.140B+01

3.309E+00
2.972E+00
1.409E+00
1.230E+00
1.214E+00
1.295E+00
1.284E+00
1.401E+00
1.521E+00
1.637E+00
1.760E+00
1.884E+00
1.994E+00
2.066E+00
2.065E+00
1.995E+00
1.871E+00
1.742E+00
1.737E+00
1.701E+00
1.7618+00
1.801E+00
1.805E+00

0.000E+00
2.5098-10
3.210E-07
1.707E-05
4.832E-04
2.466E-03
5.829E-03
1.336E-02
2.2448-02
3.140E-02
3.737E-02
4.075E-02
4.274E-02
4.405E-02
4.484E-~02
4.556E-02
4.643E-02
4.782E~-02
4.981E-02
5.410E-02
5.847E-02
6.271E-02
6.689E~-02
7.063E-02
8.236E-02
9.456E-02
1.019E-01
1.0458-01
1.0648-01
1.092E-01
1.138E-01
1.203E~01
1.282E-01
1.378E-01
1.460E-01
1.544E-01
1.649E-01
1.734E-01
1.892E-01
2.054E-01
2.188E-01
2.298E-01
2.386E-01

4.234E-04
1.728E-03
2.498E~-02
1.758E~01
5.436E-01
8.960E-01
1.053E+00
1.346E+00
1.755E+00
2.191E+00
2.603E+00
2.978E+00
3.286E+00
3.467E+00
3.414E+00
3.151E+00
2.855E+00
2.743E+00
2.685E+00
2.970E+00
3.257E+00
3.377E+00
3.319E+00
3.199E+00
2.899E+00
2.801E+00
2.689E+00
2.511E+00
2.415E+00
2.321E+00
2.219E+00
2.056E+00
2.004E+00
1.971E+00
1.939E+00
1.91784+00
1.930E+00
1.928E+00
1.884E+00
1.856E+00
1.817E+00
1.777E+00
1.724E+00



pni60.1als50.xsinfo

3.000E+01
3.500E+01
4.000E+01
4.500E+01
5.000E+01
5.500E+01
6.000E+01
6.500E+01
7.000E+01
7.500E+01
8.000E+01
8.500E+01
9.000E+01
9.500E+01
1.000E+02
1.100E+02
1.200E+02
1.300E+02
1.400E+02
1.500E+02

3.860E+00
4.648E+00
5.397E+00
6.032E+00
6.632E+00
7.232E+00
7.813E+00
8.289E+00
8.737E+00
9.106E+00
9.452E+00
9.857E+00
1.026E+01
1.0658+01
1.109E+01
1.190E+01
1.261E+01
1.340E+01
1.428E+01
1.522E+01

9.057E+00
1.002E+01
1.117E+01
1.223E+01
1.313E+01
1.354E+01
1.472E+01
1.536E+01
1.587m+01
1.635E+01
1.678E+01
1.735E+01
1.788E+01
1.840E+01
1.896E+01
2.016E+01
2.133E+01
2.2648+01
2.396E+01
2.539E+01
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1.315E+01
1.609E+01
1.922E+01
2.231E+01
2.500E+01
2.773E+01
3.047E+01
3.285E+01
3.489E+01
3.706E+01
3.832E+01
4.090E+01
4.275B+01
4.402E+01
4.571E+01
4.889E+01
5.140E+01
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5.632E+01
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1.189E+01
1.215E+01
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1.323E+01
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1.364E+01
1.371E+01
1.374E+01
1.381E+01
1.395E+01
1.408E+01
1.422E+01
1.437E+01
1.454E+01
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1.780E+00
1.689E+00
1.687E+00
1.709E+00
1.699E+00
1.686E+00
1.680E+00
1.686E+00
1.689E+00
1.701E+00
1.721E+00
1.734E+00
1.752E+00
1.744E+00
1.724E8+00
1.727E+00
1.732E+00
1.743E+00
1.757E+00
1.773E+00



p+ ®Ni nonelastic and production cross sections
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p +“Ni angle-integrated emission spectra
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p +*Ni Kalbach preequilibrium ratios
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angular distribution for elastic

28-NI-60 APT LA150 NJOY 97.45X MCNP







Heating (MeV/reaction)
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